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Äidille ja Isälle
To Mom and Dad
‘‘Almost all aspects of life are engineered at the molecular level, and
without understanding molecules we can only have a very sketchy
understanding of life itself.  All approaches at higher levels are suspect
until confirmed at the molecular level.’’
                                                                                --Francis Crick
‘‘Raise new questions, explore new possibilities, regard old problems
from a new angle’’
                                -- Albert Einstein
5CONTENTS
LIST OF ORGINAL PUBLICATIONS…….………..…….……………………………………….….6
ABBREVIATIONS……………………………………….………………………………………...….…..7
ABSTRACT…………………………………..…….…………………………………………….….……..8
REVIEW OF THE LITERATURE……………………………………………………………..……...10
1. Overview of HFRS and HPS………………..…………………………………………..……….10
1.1. A tale of man, rodent and hantavirus……………………….….…………………….……10
   1.2. Clinical features of HFRS and HPS…………………………………….………...….……11
2. Molecular biology of hantaviruses…………………………..……………………….…..……...15
2.1. Structure of virions……………………..…………………….…………………………..….15
2.2. Genome structure and organization…………………..……………………………….…..16
2.3. Replication and coding strategies.……………………..…………………………….…….17
3. Cell biology of hantavirus infection………………………..…………..…………………….…..18
3.1. Attachment and entry: receptors and routes…………………………..……………….…18
3.2. Viral gene expression: S, M, L……………………………………..………………….……19
             3.3. Maturation: Golgi or plasma membrane....…….………………………...…………..……20
3.4. Cellular associations of hantavirus structural proteins..………………………………....21
4. Pathogenesis of HFRS and HPS…………………..……………………….…………………...26
4.1. Introduction to viral pathogenesis…………………………………………………………...26
4.2. Common elements of HFRS and HPS.……………………………………………………..26
   4.2.1. Hantavirus infection is considered to be immunopathogenic: role of
proinflammatory cytokines and association of HLA haplotypes..…….……..….…26
4.2.2. Apoptosis in hantavirus infection….…...….…….………………..………………….28
4.3. Viruses and apoptosis……….……………………………………………………….……….28
4.3.1. Overview of apoptosis...………...……………….….………….…………………..…28
4.3.2. Mechanisms of virus-induced apoptosis……….………………...………………….30
AIMS OF THE STUDY……………………………..…………………………………………………....34
MATERIALS AND METHODS………………………………..…………………………………….…35
RESULTS AND DISCUSSION…………………………………………..……………………….……41
CONCLUDING REMARKS AND PERSPECTIVES…………….…………..……………….……52
ACKNOWLEDGEMENTS……………………………………………………..…..……………………53
REFERENCES..…………………………………………………………………………………….……..55
6LIST OF ORGINAL PUBLICATIONS
This thesis is based on the following original publications.
I. Li, X-D., Mäkelä, T.P., Guo, D., Soliymani, R., Cheng, Y., Koistinen, V., Vapalahti,
O., Vaheri, A., Lankinen, H., 2002. Hantavirus Nucleocapsid Protein Interacts with
the Fas-mediated Apoptosis Enhancer Daxx. Journal of General Virology, 83,
759-766
II. Li, X-D., Kukkonen, S., Vapalahti, O., Plyusnin, A., Lankinen, H., Vaheri, A., 2004
Tula hantavirus infection of Vero E6 cells induces apoptosis involving caspase 8
activation. Journal of General Virology, 85, 3261-3268
III. Li, X-D., Lankinen, H., Putkuri, N., Vapalahti, O., Vaheri, A., 2005. Tula
Hantavirus triggers pro-apoptotic signals of ER stress in Vero E6 cells. Virology,
333, 180-189
IV. Li, X-D., Papula, T., Mustonen, J., Koistinen, V., Vapalahti, O., Lankinen H.,
Vaheri, A., In vitro and in vivo evidence of Puumala hantavirus-associated
apoptosis. (manuscript)
7ABBREVIATIONS
EGFP enhanced green fluorescence protein
ER endoplasmic reticulum
FACS flow cytometric cell sorter
FITC fluorescein isothiocyanate
Gc carboxyl-terminal part of hantavirus glycoprotein precursor
Gn amino-terminal part of hantavirus glycoprotein precursor
GST glutathione-S-transferase
IF immunofluorescence
IP immunoprecipitation
IFN-α Interferon alpha
HFRS hemorrhagic fever with renal syndrome
HPS hantavirus pulmonary syndrome
HRP horseradish peroxidase
HTNV Hantaan virus
kb kilobase
kDa kilodalton
MAb mouse monoclonal antibody
N hantavirus nucleocapsid protein
ORF open reading frame
PAb rabbit polyclonal antibody
PARP poly(ADP-ribose) polymerase
PUUV Puumala virus
SDS-PAGE sodium dodecyl sulfate–polyacrylamide gel eletrophoresis
SEOV Seoul virus
TNF-α  tumor necrosis factor alpha 
TULV Tula virus
TUNEL terminal deoxynucleotidyl transferase labeling
WB Western blot
Cellular Mechanisms of Hantavirus-induced Apoptosis
8
ABSTRACT
In recent years hantaviruses have emerged as important human pathogens and
attracted great public attention worldwide. Hantaviruses are maintained in their
rodent reservoirs as asymptomatic persistent infections. When transmitted to
humans, they can cause two severe diseases: hemorrhagic fever with renal
syndrome (HFRS) and hantavirus pulmonary syndrome (HPS). Hantaviruses
belong to the Hantavirus genus of the Bunyaviridae family and are enveloped
viruses with a negative-stranded RNA genome, tri-segmented as S, M and L,
encoding nucleocapsid protein (N), glycoproteins (Gn and Gc), and
polymerase/transcriptase, respectively.
At present, the mechanisms of pathogenesis of hantavirus-associated
diseases are still poorly understood. Generally speaking, cell biology study of a
certain virus infection in vitro can provide significant clues to understanding of the
viral pathogenesis. Yet, thorough investigation on the cell biology of hantavirus
infection has long been largely ignored. In particular, critical information about the
biochemical processes during the replication cycle of hantavirus is missing. With
advent of new technologies such as the yeast two-hybrid systems in the past
decade, it has become possible to study cellular interacting partners of viral
structural proteins through genetic screening.
This thesis deals with the functional characterization of hantavirus interaction
with its cellular host at the molecular level. Firstly, we investigated the potential
associations of Puumala virus nucleocapsid protein (PUUV-N) with cellular
proteins by yeast two-hybrid screening. In this study, the interaction of PUUV-N
with Daxx, known as an apoptosis enhancer, was characterized by GST pull-down
assay, co-immunoprecipitation and co-localization studies. Furthermore, domains
of this interaction were mapped to the carboxyl-terminal region of 142 amino acids
in Daxx and the carboxyl-terminal 57 residues in PUUV-N, respectively. The
binding sites of Daxx to PUUV-N were further mapped to two lysine-rich regions, of
which one overlaps with the sequence of the predicted nuclear localization signal
of Daxx.
Secondly, we found that Tula hantavirus (TULV) replication initiates a typical
apoptotic program involving early caspase-8 activation in Vero E6 cells. The
replication of TULV seemed to be required for the activation of caspase-3 and the
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cleavage of poly (ADP-ribose) polymerase, two molecular hallmarks of apoptosis.
The treatment of infected Vero E6 cells with tumor necrosis factor alpha (TNF-α),
but not interferon alpha (IFN-α), advanced the onset of apoptosis, which could be
explained partially by observation of the increased TNF receptor 1 protein level
and the activation of pro-caspase-8. In addition, z-VAD-fmk, a broad-spectrum
caspase inhibitor efficiently inhibited apoptosis implying that TULV-activated cell
death is caspase-dependent.
Thirdly, we found evidence to suggest that hantavirus-mediated activation of
cell death program might be originated from ER stress, for instance, 1. activation of
ER-resident caspase-12; 2. phosphorylation of Jun NH2-terminal kinase (JNK) and
its downstream target transcriptional factor, c-jun; 3. induction of the pro-apoptotic
transcriptional factor, growth arrest- and DNA damage-inducible gene 153 or
C/EBP homologous protein (gadd153/Chop); and 4. changes in the ER-membrane
protein BAP31 implying cross-talk with the mitochondrial apoptosis pathway.
Furthermore, we demonstrated the sustained over expression of an ER chaperone
Grp78/BiP indicating the association of ER stress during Tula virus replication.
We set up the molecular link between hantavirus and apoptosis signaling
pathway. When overexpressed, glycoprotein Gn of Puumala hantavirus, but not
glycoprotein Gc or nucleocapsid protein, was able to induce programmed cell
death. The carboxyl-terminal half of the cytoplasmic tail of Gn appeared to be as
competent as the full-length Gn to induce cytochrome c release from mitochondria
and apoptosis. Interestingly, we could show a direct interaction of the cytoplasmic
tail of Gn with anti-apoptotic molecules Bcl-2 and Bcl-XL, but not with the pro-
apoptotic one Bax. These results suggest a molecular mechanism for hantavirus-
induced apoptosis. A study of archival kidney biopsies of Puumala HFRS patients
indicated the presence of apoptosis in the affected tissues.
Cellular Mechanisms of Hantavirus-induced Apoptosis
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REVIEW OF THE LITEATURE
1. Overview of HFRS and HPS
Hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary
syndrome (HPS) are known as important, severe, sometimes even fatal,
human viral diseases. They are caused by a distinct group of viruses,
hantaviruses, classified into Hantavirus genus of Bunyaviridae family. There
are annually about 150,000 new cases of HFRS occurring in Eurasia. HPS,
which is only seen in the Americas, has a much lower incidence, but a high (up
to 40%) mortality (Khan et al., 1996; Lee, 1996; Peters et al., 1999). In Finland,
a mild form of HFRS (nephropathia epidemica, NE) is found with
approximately 1000 cases diagnosed annually (Vapalahti et al., 2003).
1. A tale of man, rodent and hantavirus
Research on an old HFRS-like disease stimulated by Korean War
The infectious nature of HFRS was recognized already centuries ago. Indeed,
the earliest recordings on a disease with HFRS-like symptoms can be traced
back one thousand years in China (Lee et al., 1978). Since then, it has
remained mysterious where and how human beings contract this disease. The
first implicationas came from the work of Russian scientists between 1930s
and 1960s. It was noticed that human activity in contact with rodents played a
key role in obtaining this disease (Smorodintsev et al., 1959; Yankovski &
Povalishina, 1967). The route of human infection through inhalation of excreta
of rodents was later suggested by Kulagin et al., in 1962 in review of a well-
documented laboratory accident that happened in the Kirov county just outside
of Moscow (Casals et al., 1970). These early findings probably gave important
suggestions and directions on where to isolate the etiologic entity of HFRS.
The intense interest in search of causative agents began after the Korean
War, during which more than 3000 United Nation soldiers got HFRS-like
diseases and 5-10% of them died. It took almost 25 years to identify the virus,
Hantaan virus, (named after Hantaan river in Korea) and its rodent reservoir.
Lee et al. demonstrated that sera of Korean patients with HFRS reacted in
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immunofluorescence assay (IFA) with lung tissues samples from captured field
mice (Apodemus agrarius) (Lee et al., 1976). A few years later, Puumala virus,
the first hantavirus in Europe, was identified by Finnish scientists in the lungs
of infected bank voles (Clethrionomys glareolus) and found to cause NE, a
milder form of HFRS occurring in Finland (Brummer-Korvenkontio et al., 1980).
HPS and Sin Nombre virus make hantavirus a Cinderella of family
Bunyaviridae
Since the early 1990s, hantavirus infection has received more public attention
than ever before. This is mainly due to an outbreak of HPS in 1993 in United
States that killed up to 50% of the infected patients. On account of the
knowledge obtained from HFRS studies and new technologies like PCR, it
took only a month to identify the causative agent, Sin Nombre virus, another
hantavirus, and its reservoir deer mouse (Peromyscus maniculatus) (Nichol et
al., 1993). In the past decade hantavirus has become a ‘star’ of family
Bunyaviridae and attracted numerous studies.
1.2. Clinical features of hantavirus infection
Hantaviruses cause persistent asymptomatic infections in their rodent
reservoir (Meyer & Schmaljohn, 2000). When transmitted to humans,
hantavirus infection often results in two clinically distinct diseases: HFRS and
HPS that are geographically separated (Table 1). As their names already
suggest, the main symptoms in the former are hemorrhage and renal
involvement and in the latter impairment of pulmonary function. For a quick
diagnosis and differentiation from other febrile diseases, it is important to
realize whether hospitalized patients have a history of possible encounter with
rodents. This is especially crucial for HPS because of its rapid progression and
association with high fatality. Both diseases have a similar incubation period
ranging from 1 to 4 weeks (Chun et al., 1989; Koster & Levy, 1998; Simpson &
Levy, 1999; Linderholm & Elgh, 2001)
Cellular Mechanisms of Hantavirus-induced Apoptosis
12
HFRS vs. HPS
HFRS is caused by a number of old world hantaviruses. In Far-East Asia
including China, Korea and Eastern Russia, the prototype of hantavirus,
Hantaan virus is the dominant etiological agent for severe form of HFRS, also
called Korean hemorrhagic fever, with a mortality ranging from 7-10%. In most
parts of Europe, a milder form of HFRS (also know as NE) caused by Puumala
virus occurs with a mortality rate less than 0.2%. Typically, the clinical courses
of HFRS and HPS can be divided into five phases and four phases based on
symptoms and laboratory findings, respectively (Table 2 and Table 3) (Sheedy
et al., 1954; Lee, 1991).
Table 1. Representative hantaviruses, rodent hosts, human diseases and
geographic locations.
Hantavirus Rodent host Disease Geographic location
Hantaan Striped field mouse Severe HFRS East Asia
(7-10% mortality)
Seoul Rats Mild HFRS (Urban) Worlwide
Dobrava Yellow necked- Severe HFRS The Balkan region
field mouse
Puumala Bank vole Mild HFRS (NE) Europe
Sin Nombre Deer mouse HPS (50% mortality) North America
Black Creek Cotton rat HPS with renal involvement North America
Canal
Andes Oligoryzomys microtis HPS South America
Histological findings
Pathological information is obtained from postmortem studies. In biopsies from
fatal cases of HFRS, kidneys are often affected (Hung et al., 1992).
Histological examination shows that the most prominent changes take place in
the medullary region, including congested peritubular capillaries, mononuclear
cell infiltrates, and interstitial edema. The tubular epithelium, where viral
antigens have been detected (Hung et al., 1992; Kim et al., 1993; Groen et al.,
1996), show varying degrees of degeneration from flattening to necrosis.
Electron microscopy studies have shown degenerative changes of vascular
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endothelial cells and of the basement membranes (Cosgriff, 1991). The major
histopathological changes found in the lungs of HPS patients were edema,
mononuclear cell infiltration, predominantly CD8+ lymphocytes and
macrophages. Electron microscopy studies show the absence of necrosis in
the infected endothelium (Zaki et al., 1995; Mori et al., 1999).
Table 2. Comparisons of clinical phases between HFRS and HPS (Lee, 1991;
Enria et al., 2001; Linderholm & Elgh, 2001).
HFRS HPS
1. Febrile phase. Usually starts with a flu-like
syndrome with abrupt high fever, chill,
weakness, nausea, abdominal pain. This
phase often lasts for 3 to 6 days. In more than
90% patients petechiae can be seen on the
third day at soft palate, axillae, lateral chest,
conjunctiva and face.
1. Febrile phase. Characterized by high
fever, myalgia and malaise and lasting from
3-5 days. Even though it is difficult to
recognize HPS at this phase, it is important
to pay attention to the signs of upper
respiratory tract disease such as sore
throat, sinusitis and rhinorrhea.
2. Hypotensive phase. Appears at the end of
the febrile phase in about 40% of patients.
Shock may develop in some severe cases and
most fatalities take place in this and the next
phase.
2. Cardiopulmonary phase. Shock and
pulmonary edema develop in this phase
and progress rapidly (in 4-24 h). Shock
results mostly from hypotension and
oliguria. Pulmonary edema is characterized
by tachypnea, exertional dyspnea and non-
productive cough. In this phase, protein
fluid accumulates in the lung interstitium
and alveoli, which is leaked from blood
vessels and results in hypovolemia. Once
pulmonary edema is formed, this disease
proceeds fast. Patients may die within 24-
48 hours in which hypoxia and circulatory
collapse are the immediate cause of death
at this stage.
3. Oliguric phase. Generally occurs on the
sixth to eighth days and lasts for 3-5 days.
Onset of CNS symptoms like dizziness,
convulsion or mental changes.
3. Diuretic phase. Rapid clearance of
pulmonary edema and disappearance of
fever and shock. Spontaneous diuresis is
an early sign of this process.
4. Diuretic phase. W ith onset of this phase,
clinical improvement is obvious.
4. Convalescent phase. This phase may
last for up to two months. Patients usually
recover completely.
5. Convalescent phase. This phase lasts
about 3-6 weeks.
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Table 3. Clinical findings of HPS and HFRS (Lee, 1991; Duchin et al., 1994).
A. Symptoms HFRS HPS
% %
Fever 100 100
Headache 85-97 71
Abdominal pain 64-92 24
Nausea 61-91 71
Dizziness 12-52 41
Petechiae 12-94 -
Cough 6-32 71
Myopia 12-57 -
Hypotension 1-80 50
(<90/60 mmHg)
Dialysis treatment 6-40 -
Mortality up to 10 50
Treatment and vaccine development
At present there is no effective therapy for HPS and HFRS patients and the
principles of treatment are mainly supportive. In the treatment, fluid
management and electrolyte balance are critical to reduce the mortality rate
(Enria et al., 2001; Linderholm & Elgh, 2001). The antiviral agent Ribavirin can
efficiently prevent hantavirus infection in cell culture (Kirsi et al., 1983; Huggins
et al., 1991). In clinical applications, Ribavirin was reported to improve
significantly symptoms especially when administered early after onset of
disease (Huggins et al., 1991). Since HFRS and HPS are considered to be
immunopathogenic diseases in which host inflammatory response may play a
prominent role, it would be interesting to see how anti-inflammatory treatment
would improve the course and outcome of hantavirus diseases. Inactivated
hantavirus vaccines are currently used in China and Korea and have been
shown to be protective (Hooper & Li, 2001). Recombinant DNA techniques
have been employed in the development of new forms of vaccine against
hantavirus infection.
B. Laboratory HFRS HPS
% %
Oliguria <0.5 l/d 37-70 -
Polyuria >2 l/d 92-97 -
Proteinuria 94-100 40
Hematuria 58-85 57
Leukocytopenia 23-91 >10
> 10 x 109 /L
Thrombocytopenia up to 78 52
< 100 x 109 /L
S-Crea >150 µm/l up to 97 no
Cellular Mechanisms of Hantavirus-induced Apoptosis
15
2. Molecular biology of hantaviruses
Hantavirus, as a genus of family Bunyaviridae, was established in 1986
originally based on two criteria: the conserved complementary terminal
sequence of their genomic vRNAs (Table 4) (Schmaljohn & Dalrymple, 1983;
Schmaljohn, 1996) and the absence of serological cross-reactivity with other
members of the family. Nowadays genetic characterization is the most widely
used method of classification, especially for newly discovered hantaviruses
because they grow poorly in cell cultures (Schmaljohn et al., 1985; Schmaljohn
et al., 1987; Antic, et al., 1992; Kolakofsky et al., 1991; Plyusnin et al., 1996).
Table 4. Conserved terminal nucleotide sequences of genomic segments of
the five genus of Bunyaviridae.
Genus Consensus S, M, L genomic terminal nucleotides
Bunyavirus 3’ UCAUCACAUG…
5’ AGUAGUGUGC…
Hantavirus 3’ AUCAUCAUCUG…
5’ UAGUAGUAUGC…
Nairovirus 3’ AGAGUUUCU…
5’ UCUCAAAGA…
Phlebovirus 3’ UGUGUUUC…
5’ ACACAAAG…
Tospovirus 3’ UCUCGUUA…
5’ AGAGCAAU…
2.1. Structure of virions
Electron microscopy studies show that compared to other members of
Bunyaviridae, hantavirus particles are generally spherical in shape, but more
variable in size, ranging from 70 to 210 nm (Hung, 1988; Goldsmith et al.,
1995). The virion surface spikes probably representing oligomers of Gn and
Gc gylcoproteins embedded in a lipid bilayer appears as approximately 7 nm in
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length (Goldsmith et al., 1995). Hantaan virus has a unique square grid-like
surface structure (McCormick et al., 1982). The interior of virion has a
filamentous or coiled bead appearance that is presumably composed of
ribonucleocapsids (Huang et al., 1985; Goldsmith et al., 1995).
2.2. Genome structure and organization
Hantavirus particle has three circular single-stranded negative-sense RNA
genome segments encapsidated with nucleocapsid proteins. Based on their
sizes these three RNA genomes are designed as L (large, 6.5 kb), M (medium,
3.6 kb), and S (small, 1.8 kb). They encode RNA-dependent RNA polymerase
(RdRp or L protein), envelope proteins (Gn and Gc) and nucleocapsid protein
(N). Both ends (5’ and 3’) of each genomic segment are flanked with non-
coding sequences (NCS) (Plyusnin, 2002). Hantavirus particle contains
equimolar amount of L, M, and S genomic RNAs (Hutchinson et al., 1996).
Figure 1. Schematic demonstration of virus particle.
Lipid
bilayer
Gn and Gc envelope
proteins
RNA polymerase
Genomic segments covered
by nucleocapsid proteinN-linked
carbohydrates
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2.3. Replication and coding strategies
After virion entry and uncoating into host cells, hantaviruses initiate the primary
transcription to synthesize mRNAs for translation of viral proteins. This process
usually requires two steps. First, viral polymerase can cleave host mRNA caps
and adjacent sequences to prime vRNAs, so called ‘cap snatching’, Then,
hantavirus employs ‘prime-and–realign’ model for initiation and elongation of
viral mRNA transcription (Jonsson & Schmaljohn, 2001). Shortly afterwards
viral replication makes the exact complementary (+) strand, antigenomic RNA
(cRNA) that acts as the template for synthesis of the viral genomic RNA
(vRNA). This order may be required of N encapsidation of the newly
synthesized naked cRNA or vRNA. It is believed that the replication machinery
should contain at least four components: L protein, N, vRNA and cRNA. In this
process involvement of host factors is speculated to be existed and remain to
be identified. The site of replication similar to other Bunyaviridae members is
probably at the perinuclear region within the cytoplasm where both L and N
proteins have been found (Ravkov & Compans, 2001; Kariwa et al., 2003;
Kukkonen et al., 2004).
In comparison to Phlebovirus and Tospovirus, Hantavirus has a negative-
coding strategy, instead of ambisense-coding one, which means that the
coding information for all viral structural proteins is only in the cRNAs, not in
Genomic (-) vRNA
Anti-genomic (+) cRNA (+) mRNA
Viral structure proteins:
N, Gn, Gc and L
Replication Transcription
Replication Translation
3’ 5’
5’ 3’ 5’ 3’
NH3 COOH
Packaging and assembly
Genomic (-) vRNA3’ 5’
Figure 2. Hantavirus replication and coding strategies.
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the vRNAs. In addition, it has also been proposed that some hantaviruses
have an internal +1 open reading frame (ORF) in the S segment overlapping
with the nucleocapsid protein (N) gene that may code for a nonstructural
protein NSs (Plyusnin, 2002). However, direct biochemical evidence for its
existence during the replication cycle is not available so far.
3. Cell biology of hantaviruses
3.1. Attachment and entry: receptors and routes
Even though a thorough investigation on hantavirus replication cycle has not
yet been conducted, it seems to be quite similar to many other enveloped
viruses. The replication stages can be basically divided into: viral attachment,
entry routes, transcription, translation and replication, virion assembly and viral
progeny release.
To enter the cells, the first step usually involves a direct interaction
between virus surface components and host cell receptors. Integrins have
been suggested to serve as receptors mediating hantavirus attachment to
target cells (Gavrilovskaya et al., 1998; Gavrilovskaya et al., 1999; Mackow et
al., 2001; Gavrilovskaya et al., 2002). Intriguingly, in these studies the authors
found that pathogenic and nonpathogenic hantavirus used different integrins to
access the cells, implying a role for receptors in determining viral virulence.
However, since no biochemical evidence on direct interaction was given in
those studies no firm conclusions could be drawn. Recently, another
candidate protein has been reported to be a receptor of hantavirus, but its
identity is unknown (Kim et al., 2002).
Following attachment, the mode of entry into cytoplasm for hantavirus has
recently been solved as a clathrin-dependent receptor-mediated endocytosis
(Jin et al., 2002). In this study Hantaan virus was shown to enter cells through
the clathrin-coated pit pathway requiring low-pH-dependent intracellular
compartments for infectious entry. The internalization of HTNV could be
inhibited either by overexpression of a dominant-negative mutant dynamin or
by compounds that block clathrin-dependent endocytosis.
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3.2. Viral gene expression: S, M, L
Shortly after infection, viral genes are translated on differed ribosomes. N and
L mRNAs use free ribosomes while viral envelope proteins are synthesized
with M mRNAs on ribosomes associated with rough ER.
S gene expression
Hantavirus nucleocapsid protein (N) is about 50 kDa. Posttranslational
modifications have not been reported. The extension of nascent chains of
cRNA and vRNA has to be simultaneously covered with N, therefore the
primary function of N is to protect viral genomes through direct interaction
(Gott et al., 1993; Xu et al., 2002; Mir & Panganiban, 2004 & 2005).
Intermolecular interactions of hantavirus nucleocapsid protein has been shown
to be mediated by both the N-terminal and C-terminal domains. Computer
modeling and three-dimensional reconstruction by cryoelectron microscopy
after negative staining suggested that the helix-loop-helix motif was an
essential structure for the formation of N protein trimers and multimers
(Kaukinen et al., 2004). Divalent cations may enhance the oligomerization
process. Furthermore, oligomerization was shown to be a prerequisite for the
granular pattern in N-transfected cells (Alfadhli et al., 2001; Kaukinen et al.,
2001 & 2003 & 2004; Yoshimatsu et al., 2003).
M gene expression
Hantavirus M mRNA is transcribed from vRNA as a single unit and is
translated as a glycoprotein precursor (GPC) that is later processed into two
parts: the animo terminal Gn (68 kDa) and the carboxy terminal Gc (54 kDa). A
conserved motif WAASA among all hantaviruses has been identified to serve
as the cleavage site for generation of the amino-end of Gc (Lober et al., 2001).
Both Gn and Gc seem to be type I transmembrane proteins that form
heterodimers in the endoplasmic reticulum (ER) during the intracellular
assembly of virus particles (Antic et al., 1992; Shi & Elliott, 2002).
Gn is predicted to have an exceptional long intravirion or cytoplasmic tail
at its carboxyl termini. Unlike other negative-strand RNA viruses there is no
matrix protein (M) in hantavirus particles, therefore, the cytoplasmic tail of Gn
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has been proposed to function as a ‘M’ to facilitate a direct interaction between
ribonucleocapsid and viral envelope protein (Spiropoulou, 2001). We have
investigated the possible interaction between the 120-amino-acid long tail of
G1 and N of Puumala virus. We could show that this tail region, when
expressed as GST-fusion protein, bound both PUUV-N and HTNV-N in vitro.
Furthermore, a conserved YxxL motif among all hantaviruses, also known as
an internalization signal for many glycoproteins, is indispensable for the
association with N (Koistinen et al., manuscript).
If overexpressed, the Gn envelope protein of some hantavirus members
has an unusual tendency to form aggregates that may resemble aggresomes
in cells (Ruusala et al, 1992; Spiropoulou et al., 2003). In this regard, Gn of
hantavirus genus is similar to glycoproteins of hepatitis C virus (HCV) (Choukhi
et al., 1999), some coronaviruses (Rottier, 1995), and Bunyamwera virus
(Nakitare and Elliott, 1993). It has been suggested that aggresome-like
structures result from the accumulation of misfolded proteins (Kopito, 2000).
Both Gn and Gc are glycosylated cotranslationally with N-linked
oligosaccharides in the ER lumen. Surprisingly, hantavirus glycoproteins
remain in high-mannose form that is sensitive to endoglycosidase-H treatment
throughout the replication cycle (Antic et al., 1992; Schmaljohn et al., 1986;
Spiropoulou et al., 2003).
L gene expression
Hantavirus L protein, also known as a RNA-dependent polymerase (RdRp), is
assumed to have many other functions, like endonulease and RNA helicase
except for transcription and replication (Plyusnin et al., 1996). Rabbit antibody
against L protein has recently been developed and it detected a protein with
the molecular weight 250 kDa in infected cells. When expressed alone in
transfected cells L protein associates with membrane structures around the
nuclear envelope (Kukkonen et al., 2004).
3.3. Maturation site: Golgi complex or plasma membrane
For enveloped viruses, the site of viral assembly and maturation is largely
determined by the glycoproteins. In recent years there are revived interests in
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studies on hantavirus maturation. Traditionally, it was thought that all
hantaviruses, similar to other members of Bunyaviridae, should bud
intracellularly (Hung et al., 1985). This idea has been challenged by the
discovery that in the natural infection, the maturation site for the new world
hantaviruses, including Sin Nombre (SNV) and Black Creek Canal (BCCV), is
mainly located at the plasma membrane as shown by immunofluorescence
staining of viral glycoproteins (Goldsmith et al., 1995; Ravkov et al., 1997).
Over the past few years most studies have been focusing on hantavirus
glycoprotein trafficking using recombinant technologies (Shi & Elliott, 2002, &
2004; Spiropoulou et al., 2003). However, conflicting results came from
transfection studies. When transiently over expressed, the heterodimers of Gn
and Gc of SNV or ANDV were retained in the Golgi membrane, and mature
virus particles bud into the Golgi compartment (Antic et al., 1992; Elliott, 1996;
Deyde et al., 2004; Shi & Elliott, 2004).
3.4. Cellular associations of hantavirus structural proteins
Cellular associations of L protein
With the help of rabbit polyclonal antibody recently developed by Kukkonen et
al., L protein was found to be located at the microsomal fraction of TULV-
infected cells. The property of membrane association of L protein in cells was
confirmed with membrane flotation assays (Kukkonen et al., 2004). When
expressed as a fusion protein with EGFP, L-EGFP was visualized in the
perinuclear region where it had partially co-localization with the Golgi matrix
protein GM130 and the TULV nucleocapsid protein (Kukkonen et al., 2004).
Cellular associations of Gn and Gc proteins
The cellular functions of hantavirus envelope proteins remain largely unknown.
Previously, it was reported that hantaviruses were able to induce syncytia
under low pH conditions in cell cultures. However, the mechanisms and
components involved were not defined (Arikawa et al., 1985; McCaughey et
al., 1999). Since then, it has been well established that the glycoproteins of
enveloped viruses can generally mediate the fusion activity with the
endosomal membrane under acidic conditions (Hernandez et al., 1996; Durell
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et al., 1997). Thus, hantavirus glycoproteins are considered fusogens (a
substance or agent that induces membrane fusion such as polyethylene glycol,
a viruse), although there is no direct evidence that they show this activity. It
was only recently demonstrated that Gn and Gc indeed mediate cell-cell fusion
(Ogino et al., 2004). In this study, HTNV-infected Vero E6 cells under acidic
conditions resulted in cell-cell fusion even with uninfected neighboring cells to
form multinuclear giant cells. Furthermore, neutralizing monoclonal antibodies
against the Gn and Gc blocked the cell fusion process efficiently. Flow
cytometry and fluorescence microscopy of HTNV-infected Vero E6 cells
showed that envelope glycoproteins were located both on the cell surface and
in the cytoplasm. In addition to the low-pH condition, we observed that
subculture of fully infected Vero E6 cells, in particular Seoul virus (SEOV),
dramatically induced syncytium formation (Figure 3, our unpublished data).
Since syncytium formation caused by some viruses will eventually lead to cell
death (Castedo et al., 2002; Nishi et al., 2004), it will be of interest to study the
fate of syncytial cells in hantavirus infection.
Figure 3. Subculture of SEOV-infected Vero E6 cells induced multiple cell-cell
fusion to form multinuclear giant cells (arrow) each with a common cytoplasm
(syncytium).
It is assumed that the cytoplasmic tail of Gn, specifically the YxxL motif,
besides its role in viral morphogenesis via direct interaction with N, is very
likely to have other functions in the cellular process because this motif is well
known as an internalization signal for endocytosis in clathrin-coated pits (Ohno
et al., 1995; Marks et al., 1997; Olson et al., 1997). The GCYRTL sequence in
the Gn tail is well conserved among all hantaviruses, and is found once in
HTNV and PUUV, but in duplicate in SNV and other Sigmodontinae-borne
SEOV SEOV
X 40 X 20
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hantaviruses. The YxxL motif in the intracytoplasmic tail of HIV-1 gp41 targets
viral budding to the basolateral membrane and causes the viral glycoprotein to
be endocytosed from the cell surface when expressed alone (Deschambeault
et al., 1992). Interestingly, the endocytosis signal is inhibited by interaction with
capsid (pr55) protein in viral budding, as HIV-1 gag protein seems to prevent
the interaction of env protein with host clathrin-associated adaptin proteins
(Egan et al., 1996). YxxL motifs have been shown to have similar functions
also in other retrovirus budding processes (Puffer et al., 1997) and e.g. in
varicella-zoster virus gE protein trafficking (Olson & Grose, 1997).
The YxxL sequence is also known as an immunomodulatory
immunoreceptor tyrosine-based activation motif (ITAM), which may direct
receptor signaling within immune and endothelial cells (Irving et al., 1993).
Recently, it was reported that in American hantaviruses this ITAM binds to key
cellular kinases (Geimonen et al., 2003a). So, the authors in this paper
speculated that the presence of ITAMs might provide a means for hantaviruses
to interfere with normal cellular responses which maintain vascular integrity. In
the report, hantavirus NY-1 Gn ITAM was shown to coprecipitate a complex of
phosphoproteins from cells, and to serve as the substrate for the Src family
kinase Fyn. The interactions of hantavirus ITAM with Lyn, Syk, and ZAP-70
kinases from T or B cells could be abolished by mutagenesis of the ITAM.
Since in vivo functional evidence was missing in this study, it is still premature
to draw a conclusion on the role of the Gn ITAM in hantavirus pathogenesis.
However, this study suggests an interesting role of Gn ITAMs in the
dysregulation of the signaling process in immune and endothelial cells, which
will be definitely worthwhile to study further.
Protein modification by polyubiquitination is known as a signal not only for
proteasome degradation, but also for signal transduction (Pickart & Cohen,
2004; Sun & Chen, 2004). Many viruses are found to benefit from modulation
of the host cell ubiquitination pathway (Furman & Ploegh 2002; Coscoy &
Ganem, 2003). The Gn ITAM appeared to mediate hantavirus communication
with the ubiquitination-proteasome pathway (Geimonen et al., 2003b). This
idea came from the observations that fusion proteins containing the Gn
cytoplasmic tail were poorly expressed, but the proteasome inhibitor ALLN
could dramatically enhance their expression. The authors further demonstrated
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that the Gn cytoplasmic tail is polyubiquitinated. Interestingly, it seems that the
ITAM motif was essential for Gn degradation because either deletion of the C-
terminal 51 residues of Gn or mutation of both ITAM tyrosines to phenylalanine
blocked polyubiquitination of the Gn protein. These findings suggest that the
tyrosine residue of ITAM is the primary signal for directing Gn ubiquitination
and degradation. However, since the authors did not conduct any experiments
either with full-length Gn or in hantavirus-infected mammalian cells, it is still
hard to evaluate the relevance of this finding in the real situation.
The ITAM motif seems to be needed for the apoptotic activity of Gn tail.
When overexpressed in MCF7 cells, the cytoplasmic tail of Puumala
hantavirus Gn was found to be toxic. The mechanism of this toxicity may be
mediated through its direct association with Bcl-2 (our unpublished
observations).
Cellular associations of N protein
When using anti-N antibody to study hantavirus-infected cells, the structures
usually seen in the cytoplasm are with immunofluorescence staining either
granular or filamentous while immuno-EM shows inclusion bodies. These kinds
of structures indicate aggregation tendency of N, which seems to be mediated
by self-interaction through its C-terminal region. Engineered N lacking its C-
terminal part (PUUV-N376 and TULV-N379) appeared to have a diffuse
distribution in the cytoplasm (Kaukinen et al., 2004; our unpublished
observation). The N-terminal part of N contains most of the B-cell epitopes
recognized by specific monoclonal antibodies and human sera (Vapalahti et
al., 1995; Lundkvist et al., 1996).
It appears that N proteins have extensive interactions with cellular
proteins. Some hantaviruses have been found to interact with actin filaments.
Ravkov et al. in 1997 reported that actin cytoskeleton was involved in the
morphogenesis of Black Creek Canal virus (BCCV), a New World hantavirus.
The authors claimed that the filamentous pattern of N was disrupted by an
actin microfilament depolymerizing drug, cytochalasin D. In BCCV-infected
Vero cells N was partially colocalized with actin microfilaments stained with
phalloidin. Moreover, the association of the N protein with actin microfilaments
was confirmed by coimmunoprecipitation with beta-actin-specific antibody.
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Interestingly, treatment of the BCCV-infected Vero cells with cytochalasin D at
3 days postinfection dramatically decreased the virus release by 94%. But
prior to or during BCCV adsorption and entry, the cytochalasin D treatment
had no effect on the outcome of virus production.
Hantaviruses are sensitive to the treatment of Type I interferons in vitro. It
has been shown earlier that the accumulation of Puumala virus N protein was
significantly delayed after adding interferon alpha to cultured primary
macrophage/monocytes or monocytic cell line U-937 (Temonen et al., 1995).
The inhibitory effect of IFN alpha seemed to be mediated at least partially by
MxA (Kanerva, et al., 1996), one member of the Mx family, which are known
mediators of interferons. Mx proteins belong to the dynamin superfamily of
large guanosine triphosphatases (GTPases). Mx proteins can inhibit the
replication of a wide range of RNA viruses, including a few members of
Bunyaviridae, HTNV, TULV, LaCrosse virus (LACV, Orthobunyavirus genus),
Rift Valley Fever virus (RVFV, Phlebovirus genus) and Dugbe and Crimean
Congo Hemorragic Fever (CCHFV, Nairovirus genus) (Jin et al., 2001;
Andersson et al., 2004; Bridgen et al., 2004) The mechanism of antiviral
activity of Mx protein appears to be mediated by the direct interaction with viral
nucleocapsids (Kochs et al., 2002). Such a mechanism may be true also for
hantaviruses because it has recently been demonstrated that MxA protein is
co-localized with hantavirus nucleocapsid protein in infected cells (Khaiboullina
et al., 2005).
From yeast two-hybrid screening using hantavirus N as the bait, a number
of components of promyelocytic leukemia nuclear bodies (PML NBs) including
Daxx, SUMO and TTRAP have been identified (Li et al, 2002; Kaukinen et al.,
2003; Maeda et al., 2003; Lee et al., 2003). PML NBs have also other names,
such as the nuclear dots called ND10. The functions of PML NBs include
regulation of transcription, cell cycle and apoptosis (Everett et al., 1999; Ishov
et al., 1999). It has been shown that the transcription factors of DNA viruses
can cause disruption of PML NBs, which, in the case of herpes simplex virus
immediate early Vmw110 protein, is mediated by proteosome-type degradation
of the SUMO-1-modified PML and SP100 (Everett et al., 1998). The
responsiveness of PML NBs structures and their dynamic counterparts,
centromeres, to virus infections and other stress factors is functionally relevant
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for viruses. PML NBs proteins can be either antiviral or they may assist virus
replication, transcription and assembly (Chelbi-Alix et al., 1998; Bell et al.,
2000). For hantaviruses, the functional relevance of N protein association with
PML NBs remains be discovered.
4. Pathogenesis of HFRS and HPS
4.1. Introduction to viral pathogenesis
Viral pathogenesis refers to the process by which viruses produce disease in
the host. The production of diseases usually requires not only the virus itself,
but also factors from the host except for a few classical viruses such as
measles, smallpox, rabies and influenza, which cause diseases in almost all
infected individuals (Tyler & Nathason, 2001). Viral pathogenesis concerns
many aspects such as viral virulence factor, cell and tissue tropism, cell
injuries, host immune responses or genetic susceptibilities (Tyler & Nathason,
2001).
4.2. Common elements of HFRS and HPS
Although the clinical manifestations of HFRS and HPS are different, in
particular concerning the organs involved, the differences in pathological
findings between HFRS and HPS may not be as marked as it seems at first
glance. The increased vascular permeability appears to be the central episode
for both syndromes. In addition, laboratory data such as thrombocytopenia,
proteinuria, leukocytosis are similar. Therefore, there may be a general
mechanism in both diseases, and knowledge obtained from one can be
rationally applied to the other.
4.2.1 Hantavirus infection is considered to be immunopathogenic:
role of proinflammatory cytokines and association of HLA haplotypes
The pathogenesis of hantavirus infection is still poorly understood (Kanerva et
al., 1998). But accumulating evidence suggests that immunopathogesis may
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play a central role (Peters et al., 1998; Peters, 1998; Khaiboullina & St Jeor,
2002). The key pathological findings shared by HFRS and HPS are increased
capillary leakage and vascular dysfunction. In HFRS viral antigens were often
found in kidney tubular epithelial cells while in the case of HPS, predominantly
lung endothelial cells. Even though vascular endothelial cells can support
hantavirus replication efficiently in vivo and in vitro (Sundstrom et al., 2001),
the direct cytopathic effects were not observed. Local infiltration of
proinflammatory cytokines or chemokines and lymphocytes is usually found in
the lung and kidney at the places where the viral antigens are present, which
implies that the functional changes resulted from combined interaction of virus
and local immune response, rather than physical damages, are more likely to
be the reason for the pathogenesis (Van Epps et al., 1999; Khaiboullina et al.,
2000). In consistency with such a proposal, micrroarray data have
demonstrated that pathogenic and apathogenic hantaviruses activated
different transcriptional programs, in which especially the former seemed to
suppress early cellular IFN responses (Geimonen et al., 2002; Nam et al.,
2003; Nordstrom et al., 2004). It has been known for some time that elevated
level of TNF-α, as well as soluble TNF receptors, IL-6 and IL-10 were
associated with the severe cases of HFRS patients (Linderholm et al., 1996;
Temonen et al., 1996; Mäkelä et al., 2004). Similarly, in HPS patients, high
number of cytokine-producing cells was found in the lungs (Mori et al., 1999).
All these findings suggest the possibility that the pathogenesis of hantavirus
infection result from locally combined effects of the viral replication and the
action of inflammatory cytokines. In addition, there are many open questions
concerning how hantaviruses activate gene transcriptional programs so
differently and what is the cellular signal transduction pathway downstream of
each hantavirus replication. Recently, we reported (Li et al., 2005) that Tula
virus could activate ER-stress pathway that may eventually lead to cell death.
Interestingly, among the pathways of ER stress, many proteins are also known
to participate in production of proinflammatory cytokines production such JNK
and gadd153/Chop.
The severity of hantavirus diseases seems to correlate with the level of
cytokine production which are linked with host MHC haplotypes. The most
convincing evidence comes from studies of Puumala virus infection in which
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HLA alleles B8, DR3, DQ2 are strongly associated with both the severity of
symptoms (Mustonen et al., 1996) and detection of vRNA in patient samples of
nephropathia epidemica (NE) (Plyusnin et al., 1997; Kanerva et al., 1998).
Similarly, it has been suggested that HLA-B35 is associated with fatal cases of
HPS (Mertz et al., 1999). These intriguing observations indicate that the
production of proinflammatory immune responses may affect the clinical
severity of hantavirus-associated diseases. Interestingly, the same above-
mentioned HLA types have been associated with rapid progression of AIDS
(Malkovsky 1996).
4.2.2. Apoptosis in hantavirus infection
Hantavirus can infect many cell types in vivo and in vitro (Pensiero et al., 1992;
Temonen et al., 1993; Raftery et al., 2002). Cell injuries have not yet been
taken into account as one factor for the pathogenesis of hantavirus infection.
This is largely duo to the fact that hantaviruses grow poorly in most cell
cultures. Vero E6, the green monkey kidney cell line, is so far the best one to
support hantavirus replication and routinely used for its propagation. Even in
these cells, it usually takes 7-10 days to get them fully infected and virus titer
released to culture medium is low, less than 106 PFU/ml. Therefore,
hantaviruses are traditionally considered not to cause any apparent cytopathic
effect (CPE). Recently, several lines of evidence have challenged this view.
The pro-apoptotic effects of hantavirus infection have gradually been
recognized (Kang et al., 1999; Akhmatova et al., 2003; Markotic et al., 2003; Li
et al., 2004). However, the involvement of apoptosis in the disease process of
hantavirus infection is still waiting for in vivo proof. In addition, hantavirus
structural proteins interact with key players of apoptosis pathway such as Daxx
implying adopted strategies for its regulation (Li et al., 2002).
4.3. Virus and apoptosis
4.3.1. Overview of apoptosis
Principally, there are two ways in which a cell can die: necrosis or apoptosis.
Cell death by apoptosis, distinguished from necrotic cell death, is
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characterized by chromatin condensation, DNA fragmentation, membrane
blebbing, cell shrinkage, and compartmentalization of the dead cells into
membrane-enclosed apoptotic bodies. Their major differences between
necrosis and apoptosis have been summarized in Table 5.
Table 5. Comparison of apoptosis and necrosis
Necrosis Apoptosis
Morphology
• Plasma membrane
disruption and final complete
cell lysis
• Swelling and lysis of
organelles
• Membrane blebbing
• Shrinking of cytoplasm and
condensation of nucleus
• Apoptotic bodies
Biochemistry
• Releasing cytoplasmic
contents such as LDH
• Passive process
• Membrane leakage
• Integrity of plasma
membrane is intact, but with
inverted symmetry
• Energy-dependent active
process
• DNA ladder
• Caspase cascade and
substrate cleavage
Inflammation
• Initiation of strong
inflammatory response
• Limited to individal cells and
no inflammation
Apoptosis, or programmed cell death, is a genetically controlled cell death
process and plays an indispensable role not only in physiological conditions in
regulation of homeostasis of the multicellular organism development and
renewal of tissue, but also in some pathological conditions including
neurodegenerative, autoimmune and infectious diseases, such as AIDS
(Kroemer & Reed, 2000; Nijhawan et al., 2000; Strasser et al., 2000).
Depending on the type of death insults, apoptosis can be initiated from
either the extrinsic signals by ligands that bind to the death receptors on the
plasma membrane or intrinsic sources like the damage of DNA, endoplasmic
reticulum (ER) stress and other serious impairment to cell division or
surveillance (Figure 4). Despite their origins, apoptotic program will eventually
converge at a distinct group of cell death executioners, cysteine proteases
termed caspases that cleave substrate proteins after aspartic acid residues
(Budihardjo et al., 1999). Caspase activation results in destruction of the whole
cell infrastructure leading to characteristic apoptotic morphology. Due to the
serious consequences of caspase activation, eukaryotic cells have evolved a
number of strategies to control their activation and function. In addition, Bcl-2
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family members, known as the ‘cellular life-or-death switch’ and ‘mitochondrial
guardians’, protect cells against both external and internal death insults. They
are classified in two groups: pro-survival members like Bcl-2 and Bcl-XL and
pro-apoptotic members like Bax, Bak and others. The relative ratio of pro-
survival and pro-apoptotic Bcl-2 family members determines the ultimate
sensitivity of cells to a wide variety of stimuli (Chao & Korsmeyer, 1998; Cory &
Adams, 2002).
4.3.2. Mechanisms of virus-induced apoptosis
Many viruses are able to induce apoptosis of infected cells. The constant
struggle to survive in virus-host interactions has driven viruses to evolve a
variety of strategies to modulate apoptosis signal pathways. They either
prevent apoptosis at earlier stage to maximize viral replication or promote
apoptosis at late stage to spread viral progeny to neighboring cells (Roulston
et al., 1999; Everett & McFadden, 2001; Kalkeri et al., 2001; Hay &
Kannouraskis, 2002; Mahalingam et al., 2002; Lowy, 2003). It is possible for a
single virus to employ both strategies: a good example is the ability of HIV Nef
to interfere with the Fas ligand (FasL)- and tumor necrosis factor (TNF)-
induced apoptosis pathways through association with the downstream
apoptosis signal kinase 1 (ASK1) (Geleziunas et al., 2001). Another example
is that HIV Tat enhances T-cell death by increasing the expression of Fas and
FasL (Westendorp et al., 1995).
Viruses have also developed a number of strategies to interfere with the
Bcl-2 family members, which are regarded as central regulators in almost all
apoptosis pathways (Gross et al., 1999; Cuconati & White, 2002). Bcl-2 family
members are classified into two groups: pro-survival members like Bcl-2 and
Bcl-XL and pro-apoptotic members like Bax, Bak and others. The relative ratio
of pro-survival and pro-apoptotic Bcl-2 family members determines the ultimate
sensitivity of cells to a wide variety of stimuli. In some cases the virus itself
encodes mimics of a Bcl-2-related protein to inhibit apoptosis. For instance,
adenovirus E1B-19K is a Bcl-2-type molecule that can inhibit Fas- and TNF-
induced apoptosis (Rao et al., 1997; Granville et al., 1998). Epstein-Barr virus
BHRF1 protein has a structural and functional similarity to Bcl-2 and has been
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shown to inhibit c-Myc-induced apoptosis (Hickish et al., 1994; Fanidi et al.,
1998). In other cases, a Bcl-2-related protein can be inactivated via
biochemical modification by some viral products, of which a good example is
that the v-cyclin-CDK6 complex of Kaposi's sarcoma-associated herpesvirus
(KSHV) phosphorylates Bcl-2 and inactivates its anti-apoptotic function (Ojala
et al., 2000).
Viruses can also trigger an apoptotic response through cellular factors. For
example, IFNs have recently been shown to act as important regulators of
virus-induced apoptosis (Barber, 2001; Chawla-Sarkar et al., 2003). IFNs elicit
an antiviral state in uninfected cells through the transcriptional activation of
antiviral proteins while in virus-infected cells IFNs induce apoptosis (Tanaka et
al., 1998; Balachandran et al., 2000). The double-stranded RNA-dependent
protein kinase, PKR, the interferon effector molecule may be activated to
mediate signal transduction to apoptosis pathway during infection of many
viruses (Gil & Esteban, 2000).
Enveloped viruses can activate apoptosis pathway through ER stress-
mediated signaling (Liberman et al., 1999; Jordan et al., 2002; Su et al., 2002;
Dimcheff et al., 2003). Endoplasmic reticulum (ER) is a unique compartment
within the cell to carry out post-translational modifications such as
glycosylation, disulfide bond formation, folding and oligomerization for almost
all membrane and secretory proteins that are destined to the cell surface, as
well as for proteins destined to other intracellular organelles, such as
lyzosomes and the Golgi compartment. Perturbations in the ER homeostasis
will initiate an ER stress response pathway, which is evolutionarily conserved
from yeast to human (Harding et al., 2002; Kaufman et al., 2002). These
perturbations usually block protein glycosylation, reduction of formation of
disulfide bonds, calcium depletion from the ER lumen, impairment of protein
transport from the ER to the Golgi, expression of malfolded proteins, etc. ER
stress pathway may be divided into two classes: unfolded protein response
(UPR) and ER-overload response (EOR). The former is represented by a
marked increase in ER-localized proteins such as glucose-regulated protein 78
(Grp78/BiP) or 94 (Grp94). The latter is characterized by activation of the NF-
κB pathway.
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In certain circumstances, severe or prolonged ER stress will lead to cell
death (Oyadomari et al., 2002; Breckenridge et al., 2003) through initiation of
downstream death programs such as activation of a unique ER-located
caspase-12 (Lamkanfi et al., 2004), phosphorylation of NH2-terminal Jun
kinase (JNK) and induction of growth arrest- and DNA damage-inducible gene
153, also called C/EBP homologous protein (gadd153/Chop) (Oyadomari and
Mori, 2004). Recently, a number of enveloped RNA viruses, such as hepatitis
C, Japanese encephalitis and influenza A virus, have been shown to induce
programmed cell death through an ER stress-mediated mechanism (Su et al.,
2002; Tardif et al., 2002; Waris et al., 2002; Pavio et al., 2003).
Figure 4. Overview of apoptosis pathways. Depending on sources of death
insults, initiation of apoptotic program takes place either at the plasma
membrane through induction of death receptors trimerzation by ligands binding
such as FasL or TNF, or at the cellular compartments mainly at mitochondria
by insults such as damage of DNA or endoplasmic reticulum (ER) stress. The
former is known as the extrinsic pathway, the later is known as the intrinsic
pathway. These two pathways will converge at the effector caspases such as
caspase-3 to induce apoptosis.
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AIMS OF THE STUDY
This study was initiated to investigate the molecular mechanisms of
hantavirus-host interaction at cellular level since there was little information
available at that time on this aspect. We reasoned that there must exist
comprehensive interactions between viral components and host cell
metabolism during the viral replication cycle so that we could study this
relationship genetically and biochemically with the help of modern technologies
of molecular biology. We wanted first to screen for potential cellular interacting
partners, then to find out the functional information behind. Our final aim is to
set up a bridge at molecular level to translate the clinical information into an in
vitro model on pathogenesis of hantavirus infection. The specific questions are
listed below:
• To screen for potential cellular interacting partners of N in order to
study its physical and functional associations with cellular machinery
• To establish a hantavirus-induced cell death model in Vero E6 cells
and investigate its primary mechanism linked with apoptosis pathway
• To study the involvement of ER stress pathway in hantavirus-induced
apoptosis
• To look for apoptotic cells in kidney biopsies from NE patients by
immunhistochemistry and identification of the apoptotic potential of
hantavirus structural proteins
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MATERIALS AND METHODS
Antibodies and other reagents
Generation of rabbit polyclonal antibodies against the amino-terminal two-
thirds of PUUV-N and glycoproteins Gn and Gc has been described previously
(Vapalahti et al., 1992 & 1995). Monoclonal antibodies against PUUV-N, which
were produced in bank voles (a generous gift from Dr. Åke Lundkvist, Swedish
Institute for Infectious Disease Control), were characterized previously
(Lundkvist et al., 1991; Lundkvist & Niklasson, 1992). Rabbit polyclonal and
monoclonal antibodies against BAP31 have been described (Määttä et al.,
2000). Recombinant IFN-α and rabbit polyclonal antibody against MxB (Melen
et al., 1996) were generous gifts from Dr. Ilkka Jukunen (National Public
Health Institute, Helsinki, Finland). The source of antibodies and other
reagents were the following. Santa Cruz Biotechnology (rabbit polyclonal
antibodies were against Daxx, Bcl-2, Bax and TNF-R1; goat polyclonal
antibody was against Bcl-XL; Mouse monoclonal antibodies were against VP16
and gadd153/Chop), Promega (rabbit polyclonal antibodies against
phosphorylated and non-phosphorylated JNK). BioVision (rabbit polyclonal
antibody against caspase-12). Cell Signalling Biotechnology (rabbit polyclonal
antibodies were against caspase-3 and PARP; rabbit monoclonal anti-c-jun
antibody; Mouse monoclonal antibodies were against caspase-8 and PARP).
Oncogene™ Research Products (Rabbit polyclonal anti-c-jun antibody). Sigma
(mouse monoclonal antibodise against tubulin and β-actin; caspase inhibitor z-
VAD-fmk; recombinant human TNF-α from yeast). Calbiochem (JNK inhibitor II
SP600126).
Cell cultures
Human embryonic kidney (293-T) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM); Human breast cancer cells (MCF-7) were grown in
RPMI-1640; Human cervical carcinoma cells (HeLa), and African green
monkey kidney cells (COS7 or Vero E6) in minimum essential medium (MEM).
Media for all these cells were supplemented with 10% heat-inactivated fetal
calf serum, 2 mM glutamine, 100 IU/ml penicillin and 100 µg/ml streptomycin.
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All cultures were grown at 37 °C in a humidified atmosphere containing 5%
CO2.
Virus infection and UV irradiation of virus
PUUV Sotkamo strain or Tula Moravia strain 5302, adapted previously to Vero
E6 cells, was produced in Vero E6 cells and their titers were determined as
described (Kanerva et al., 1996). All processes of handling live virus were
performed in a laboratory of biosafety level 3 or 2. For infection, virus was
added to Vero E6 cell monolayers for absorption for 1 h at 37 °C, then the
virus inoculum was removed and replaced with complete medium. The
inactivation of virus was with UV irradiation. A stock of virus in a lid-less 3-cm
diameter culture dish was irradiated at 254 nm, using a 30-W UV lamp at room
temperature at the distance of 10 cm. The exposure time was about 30 min.
Then the UV-treated and untreated virus stocks were used to infect cell
monolayers.
DNA constructs and transfection
The coding sequence of PUUV-N was obtained from the S segment of PUUV
Sotkamo strain by RT–PCR, as described previously (Vapalahti et al., 1992),
and then subcloned into the yeast pEG202 and bacterial expression vector
pGEX-4T (Pharmacia Biotech). PCR cloning techniques were usually used for
subcloning or creation of deletion mutants. pEBB-HA-mDaxx, haemagglutinin-
tagged murine Daxx was kindly provided by Dr. David Baltimore (California
Institute of Technology). Interactions in yeast were characterized by beta-
galactosidase assays, according to the manufacturer’s instructions (Clontech).
The FuGENE 6 Transfection reagent (Boehringer Mannheim) was used to
transfect eukaryotic expression vectors according to the manufacturer’s
instructions.
Yeast two-hybrid system
Yeast two-hybrid assays were carried out according to the instructions of
Clontech. A HeLa cDNA library in pJG4-5 (Clontech) was used for screening
the interacting partners of PUUV-N in the bait plasmid pEG202 in yeast strain
EGY48. Yeast cells were first grown in non-selective medium. Successful
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transformants were selected against amino acid histidine or tryptophan.
Interacting clones were picked up by beta-galactosidase assay with X-gal and
subsequently amplified. The cDNA inserts were identified by sequencing and
nucleotide database searching.
Mammalian two-hybrid system
The reporter plasmid pG5luc (Promega) was co-transfected in combination
with pM and pVP16 (both plasmids from Clontech) constructs, described
above, into HeLa cells grown on 6-well plates. After 48 h, cell lysates were
prepared and luciferase activity was determined following the instructions
provided by Promega.
GST pull-down assay
The procedures for expressing GST fusion proteins were done by following the
manual from the manufacturer (Pharmacia Biotech) (Frangioni & Neel, 1993).
In short, Escherichia coli strain DH5 was transformed with pGEX-4T-1-E11,
grown in L broth containing 100 µg/ml ampicillin and induced for protein
expression in 0·1 mM of IPTG at room temperature for 4 h. Bacterial cells were
harvested, washed twice in cold PBS by centrifugation at 5000 r.p.m. and
disrupted by sonication in lysis buffer (PBS with 1% Triton-X-100). Appropriate
volumes of glutathione–Sepharose 4B beads were added to the supernatants
and beads with bound recombinant proteins were used directly for in vitro-
binding assays. Baculovirus-expressed PUUV-N was prepared as described
previously (Vapalahti et al., 1996). For in vitro-binding assays, different
dilutions of recombinant PUUV-N were incubated with a constant volume of
GST- and GST–E11-bound beads, respectively. Incubations were carried out
for 2 h at 4 °C in E1A modified buffer (50 mM HEPES, pH 7·6, 50 mM NaCl,
10% glycerol, 0·1% NP-40 and 5 mM EDTA). The beads were then washed
four times in the same buffer before SDS–PAGE. Polyacrylamide gels were
subjected to both Coomassie blue staining and immunoblotting, in which
complex formation between E11 and PUUV-N was monitored using the anti-
PUUV-N MAb, 3H9.
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Pepscan assay
The carboxyl-terminal 243 amino acids of Daxx were synthesized as 18-mer
overlapping peptides with a three-residue shift on a cellulose membrane by an
Autospot Robot ASP 222 according to the manufacture (Abimed). For
interaction studies, the membrane was blocked overnight at 4 °C with 3% BSA
in TBST (10 mM Tris, pH 7·4, 150 mM NaCl and 0·05% Tween-20) and
subsequently incubated with baculovirus-expressed PUUV-N at a
concentration 0·6 µg/ml in TBST for 1 h at room temperature. Unbound PUUV-
N was removed by washing three times with TBST. Bound PUUV-N was
transferred electrophoretically to a nitrocellulose membrane and detected by a
rabbit polyclonal antibody against PUUV-N. The secondary antibody was
horseradish peroxidase-conjugated rabbit antibody (DAKO); this allowed
detection to be carried out using enhanced chemiluminescence reagents
(ECL) (Amersham).
Co-immunoprecipitation from human cell lysates
Cells were transfected alone or with proper combinations of the different
plasmid constructs. After 48 h in culture at 37 °C, cells were collected and
lysed on ice in lysis buffer [20 mM Tris–HCl, pH 7·5, 150 mM NaCl, 1% NP-40,
5 mM EDTA and cocktail of protease inhibitors (Boehringer Mannheim)]. The
cell lysates were sonicated briefly in a water-bath sonicator and centrifuged at
10 000 g for 30 min at 4 °C. The supernatants were transferred to new tubes
and antibody was added to each tube. The mixture was then incubated with
soft rotation at 4 °C for 2 h. The incubation was continued for a further 1 h after
the addition of 10 µl protein G Sepharose. Finally, the beads were pelleted and
washed three times with cold lysis buffer without protease inhibitors.
Subsequently, 20 µl SDS–PAGE sample buffer was added directly to the tubes
and the mixture boiled at 95 °C for 5 min. The bound protein was separated by
10% SDS–PAGE and analysed by immunoblotting.
Indirect immunofluorescence
Cells were grown on coverslips in 24-well plates and then transfected with the
relevant plasmids. After 36 h, cells were fixed with 3·2% paraformaldehyde in
PBS for 10 min at room temperature and permeabilized with 0·1% Triton-X-
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100 in PBS. Nuclei were usually stained with Hoechst 33342 and the cells
were washed again with PBS. Protein expression pattern was visualized by
primary antibody and secondary antibody that was either FITC- or Texas red-
conjugated IgG (Jackson ImmunoResearch Laboratories) with the Zeiss
Axioplan 2 and Axiophot 2 microscopy with a Hamamatsu CCD digital camera.
Immunoblotting
Briefly, transfected cells (about 1 x 107 cells) were harvested by scraping with
a rubber policeman and washed with 10 ml of ice-cold phosphate buffer saline
(PBS) twice by centrifugation at 200 x g. Next, cells were resuspended into
500-700 µl Buffer A (250 mM sucrose, 20 mM HEPES pH 7.4, 10 mM NaCl,
01.5 mM EGTA, 1.5 mM EDTA, 1 mM MgCl2, 1 mM DTT, and a cocktail of
protease inhibitors from Roche; sterilized by filtration and stored at 4 oC). The
preparations were incubated on ice for 20-30 min and during this time the
tubes were tapped from time to time to ensure that the cells remained in
suspension. The cells were disrupted by 20-30 strokes with a glass Dounce
homogenizer with a tight pestle (B-type). The cell homogenates were
centrifuged at 800 x g for 10 min at 4oC. The supernatant containing
mitochondria was further centrifuged at 22,000 x g for 15 min at 4 oC and the
resulting supernatant was stored as cytosolic extract at -70 oC until analysed.
The mitochondria-containing pellets were lysed with 100 µl of Buffer B (50 mM
HEPES, pH 7.4, 1% (v/v) NP-40, 10% (v/v) glycerol, 1 mM EDTA, 2 mM DTT,
cocktail of protease inhibitors from Roche; sterilized by filtration and stored at 4
oC). The total protein concentration was determined using BCA Protein Assay
Kit from Pierce. Finally about 40 µg of protein was analysed by 10% SDS-
PAGE and immunoblotted according to standard protocols. Protein
concentration was estimated by BCA.
Propidium iodide staining protocol and FACS analysis
Vero E6 cells were infected with Tula virus (m.o.i. 0.1) or mock infected with
conditioned growth medium. The cells were trypsinated one to eight days p.i.,
resuspended in MEM (10% FCS), pelleted, and resuspended in PBS. The cells
were then fixed by a 2.5-fold of ethanol with constant shaking to at -20 oC. To
stain the DNA, the cells were pelleted and resuspended in PBS containing 5
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µg/ml propidium iodide and 10 µg/ml RNase A. Following an incubation of 1 h
the DNA contents of the cells were analyzed at the Flow Cytometry Facility of
the Haartman Institute.
RNA isolation and RT-PCR
Mock-treated and infected Vero E6 cells grown in 3 cm in diameter culture
dishes were collected into 1 ml TriPure RNA isolation reagent (Roche) each
day until the 8th day p.i. and stored at –70o C. Total RNA was isolated following
the instructions provided by the manufacturer (Roche). Subsequently, an equal
amount of RNA sample (about 5 µg) from each day was applied to generate
cDNA, with which as template conventional PCR was performed. The primer
pairs for respective genes were: Grp78/BiP Forward-5’GCA GCT GCT ATT
GCT TAT GG Reverse-5´TTG AGC TCT TCA AAT TTG GC Gadd153/Chop
Forward-5´AGA GAT GGC AGC TGA GTC AT Reverse: 5´ TCA TGC TTG
GTG CAG ATT CAC glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
Forward-5´AGT CAA CGG ATT TGG TCG TA Reverse-5´AGG GGT GCT
AAG CAG TTG GT. The entire experiment was repeated at least 3 times
using RNA samples made independently. To obtain the relative expression
level of each sample, the targets relative quantities were divided by the
GAPDH quantities.
Immunohistochemistry (IHC)
IHC was performed with the fully automated Ventana Discovery Slide Stainer.
Bouin-fixed paraffin-embedded archival kidney biopsies were deparaffinized
twice in xylene and rehydrated in graded series of ethanol. The slides were
kept in APK buffer before the IHC procedure. For the detection Fast red
detection kit was used. The sections were microwaved at 95 oC for 20 min in
citrate buffer at pH 2.5. The sections were allowed to cool for 20 min before
moving to APK buffer. The citrate buffer pH 6.0 with Pronase 0.1% was
incubated for 10min at 37 oC as pretreatment for IHC. Sections were incubated
with primary antibodies for 32 min. Monoclonal antibody against cleaved PARP
(#9546S, Cell Signaling Technology), was used in 1:100 dilution. After the
staining, the slides were rinsed and dehydrated before mounting with Eukitt
mounting medium.
Cellular Mechanisms of Hantavirus-induced Apoptosis
41
RESULTS AND DISCUSSION
Identification and characterization of the association of hantavirus N
with Daxx (I)
Yeast two-hybrid screening of cellular proteins interacting with PUUV-N
To identify cellular proteins associated with hantavirus N, we performed yeast
two-hybrid screening using PUUV-N as the bait protein. We ended up with
about 100 surviving clones from a HeLa cell cDNA library, which were grouped
by restriction enzyme digestion. Two clones were proved by sequence
analysis to be deprived from the carboxyl-terminal part of Daxx protein: 243
(named as E11) and 142 (named as A10) residues, respectively (I: Fig. 1).
Daxx is known as a Fas-mediated apoptosis enhancer through ASK1 (Yang et
al., 1997; Chang et al., 1998 & 1999; Pluta et al., 1998; Charette et al., 2001;
Ko et al., 2001; Perlman et al., 2001). Another protein identified in screening
was the ubiquitin-like protein SUMO-1 (Ishov et al., 1999). Both Daxx and
SUMO are found to be associated with promyelocytic leukemia nuclear bodies
(PML NBs), which are shown to be important for regulation of transcription, cell
cycle apoptosis, some virus infections (Torii et al., 1999; Li et al., 2000a &
2000b; Maul et al., 2000; Zhong et al., 2000a & 2000b). Yeast retransformation
experiments confirmed these interactions (I: Table 1).
PUUV-N binds to Daxx in vitro and in mammalian cells
Next, we performed a GST pull-down assay using the GST fusion proteins of
Daxx constructs and baculovirus-expressed, purified PUUV-N. We found that
PUUV-N was co-purified with GST–E11 or GST–A10 but not with GST,
indicating a direct physical association of PUUV-N and Daxx. This suggests
that the carboxyl-terminal part of Daxx, overlapping with the Fas-binding
domain, is sufficient for its interaction with PUUV-N.
To study the interaction in vivo, we performed co-immunoprecipitation
assays first. When PUUV-N and E11 were co-expressed in 293-T cells,
immunocomplexes of these two proteins could be precipitated using a
polyclonal antibody against Daxx (I: Fig. 5). To visualize further where PUUV-
N binds to Daxx in the cell, we overexpressed full-length murine Daxx (mDaxx)
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in Vero E6 cells infected with PUUV and HeLa cells co-transfected with PUUV-
N (I: Fig. 6). In some PUUV-N transfected and PUUV-infected cells alone, the
N protein remained in the cytoplasm and perinuclear regions, where it formed
granular or fibre-like structures (Yanagihara & Silverman, 1990). The
overexpressed mDaxx was predominantly nuclear with a relatively diffuse
distribution, while endogenous Daxx in Vero E6 cells was weakly expressed
with a pattern of a few dots. However, when mDaxx and PUUV-N were co-
expressed in the same transfected or infected cells, N-protein structures were
localized in the nucleus in about 10% of such co-expressing cells in three
independent experiments in which 200 cells (altogether) were counted. Both
the endogenous and transfected mDaxx formed nuclear dots consistent with
nuclear bodies. The dot-like nuclear staining of PUUV-N in mDaxx-transfected
cells indicates their co-localization with PML oncogenic dots (PODs).
Endogenous Daxx was not sufficient to recruit PUUV-N to the nucleus, at least
not to any visible extent. Next, we thought that the natural presence of different
compartments of Daxx (in the nucleus) and PUUV-N (in the cytoplasm) limits
their contact. We therefore created two constructs, VP16-TULV-N (data not
shown) and VP16-PUUV-N (VP16; a 44 residue polypeptide containing an
NLS signal). After transfection with mDaxx, almost 100% nuclear co-
localization of the N protein with Daxx in all co-expressing cells was observed
(I: Fig. 7).
The carboxyl terminal PUUV-N is essential for binding to Daxx
We wanted to know what part of N is required for the interaction with Daxx,
and created two PUUV-N deletion constructs, which lacked the carboxyl-
terminal 95 residues (PUUV-N2; 339–433) and 219 residues (PUUV-N3; 214–
433), respectively (I: Fig. 1). In yeast two-hybrid assays, both PUUV-N2 and
PUUV-N3 in the DNA-binding hybrid abolished its interaction with the two Daxx
clones A10 and E11 in activation domain vectors (I: Table 1), indicating that
the carboxyl terminus of PUUV-N (I: Fig. 1) is essential for this interaction.
Then we proved that the carboxyl-terminal part (57 residues) of PUUV-N was
sufficient for the interaction with Daxx in mammalian two-hybrid system (I: Fig.
2). Interestingly, this region of the N protein is free of antigenic activity but
seems to be crucial for N–N self-interaction (Kaukinen et al., 2001).
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Tula virus-induced apoptosis is mediated by the early activation of
caspase-8 (II)
Phenomenological description on hantavirus-induced apoptosis has been
documented before (Kang et al., 1999; Markotic et al., 2003). However, the
molecular mechanisms that hantaviruses employ in apoptotic pathways
remained to be discovered.
Characteristics of apoptosis in Tula virus-infected Vero E6 cells
The decreased viability of Vero E6 cells during Tula virus propagation
prompted us to look for the evidence to prove that the observed cell death was
apoptotic, not necrotic. To this purpose, we followed the progression of virus
infection one to eight days by flow cytometry with propidium iodide (PI) and
DNA-laddering experiments (II: Fig. 2A and 2B). A sub-G1 cell fraction, which
indicates the existence of apoptotic bodies, was clearly seen and became
increasingly dominant in infected cells, but was not seen in mock-infected
cells. Similar results could be addressed from DNA-laddering experiment.
Tula virus-induced apoptosis is caspase-mediated
It is well established that activation of the caspase cascade and subsequent
cleavage of its substrates are essential for the commitment of apoptotic cell
death (Budihardjo et al., 1999; Earnshaw et al., 1999). Since the role of
caspases in hantavirus-induced apoptosis is still unclear, we turned to study
PARP (poly-[ADP-ribose] polymerase) protein, a hallmark of apoptosis, which
is cleaved by caspase from 116-kDa to a smaller 85-kDa inactive form. By
immunoblot we demonstrated that there was substantial amount of PARP
cleavage in Tula hantavirus-infected Vero E6 cells (II: Fig. 3A). Consistently,
the caspase-3 was activated at the similar time. Next, we wanted to know the
importance of caspase activation to apoptosis. A broad-spectrum caspase
inhibitor, z-VAD-fmk, was used to block caspase activity. Indeed, at 100 µM it
efficiently inhibited cell death shown by immunoblot on the prevention of
cleavage of PARP (II: Fig. 4A) and by TUNEL staining (II: Fig. 4B).
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Involvement of the extrinsic apoptotic signal pathway
Many viruses can regulate cell death and survival through TNF superfamily-
mediated signal pathways (Benedict et al., 2003). Elevated levels of cytokines
such as TNF-α are known to play a critical role in the pathogenesis of HFRS
(Linderholm et al., 1996; Temonen et al., 1996; Mori et al., 1999; Sundstrom et
al., 2001). So, we asked the question what was the role of TNF-signaling
pathway in hantavirus-induced apoptosis. Here we found that TNF receptor 1
(TNF-R1) is upregulated following virus infection. Furthermore, an enforced
treatment of infected cells with recombinant human TNF-α enhanced the Tula-
hantavirus induced apoptosis of Vero E6 cells (II: Fig. 7A and B). The
functional significance of the TNF-R1 signal pathway is supported by the
observed activation of caspase 8 (II: Fig. 7C), In summary, TNF-R1 mediated
signal pathway has the potential to participate in the Tula hantavirus triggered
apoptosis in Vero E6 cells.
ER stress-associated apoptotic signaling triggered by Tula virus
infection (III)
Our studies showed that Tula virus infection causes apoptotic cell death of
Vero E6 cells (Li et al., 2004). Considering the pivotal role of endoplasmic
reticulum (ER) in hantavirus maturation we assumed that ER stress, in
particular its downstream apoptotic signaling, might contribute to hantavirus-
induced cell death. Currently, it is well established that there are three death
programs that are intimately associated with ER stress: 1) early activation of
ER-resident caspase-12; 2) phosphorylation of Jun NH2-terminal kinase (JNK)
and its downstream target transcriptional factor, c-jun; 3) induction of the pro-
apoptotic transcriptional factor, growth arrest- and DNA damage-inducible
gene 153 or C/EBP homologous protein (gadd153/Chop). These findings shed
some light on understanding of the molecular mechanisms for the induction of
proinflammatory cytokines like TNF-α or IL-6 by hantavirus infection. For
example, caspase-12 has recently been linked with inflammatory and innate
immune response to endotoxins (Saleh et al., 2004); it is well known that JNK
activation of transcription factor activator protein 1 (AP-1) through
phosphorylation of c-jun is required for expression of TNF-α, IL-2 and IFN-γ
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(Foletta et al., 1998; Bennett et al., 2001). On the other hand, TNF-α is an
important mediator in HFRS (Linderholm et al., 1996; Temonen et al., 1996);
gadd153/Chop is directly responsible for up-regulation of IL-6 (Hattori et al.,
2003) which plays an important role in the pathogenesis of HFRS and HPS
(Linderholm et al., 1996; Mäkelä et al., 2004). Our observation of the induction
of Gadd153/chop by Tula virus infection may provide a cellular mechanism for
IL-6 production.
Activation of caspase-12
Tula virus-induced apoptosis is caspase-mediated and could be blocked by a
broad-spectrum peptide inhibitor z-VAD-fmk (Li et al., 2004). Since caspase
activation is a sequential event (Chang and Yang, 2000), The question
remained what is the initial caspase that is activated during Tula virus
replication. Taking into account the prominent role of ER in the morphogenesis
of enveloped viruses, we suspected that caspase-12, an ER-resident caspase
(Nakagawa et al., 2000; Lamkanfi et al., 2004), should play a role in Tula
hantavirus-induced caspase cascade. By immunoblot analysis we observed
that caspase-12 was processed from the inactive pro-enzyme to the active
one, which was one day prior to the activation of caspase-8 and caspase-3
(III: Fig. 1). These results indicate that caspase-12 might be the initiator
caspase responsible for transduction of the death signal from the ER.
Activation of JNK pathway
JNK pathway has been shown to participate in apoptosis and ER stress in
certain circumstances (Nishitoh et al., 2002; Takeda et al., 2003). Here we
evaluated its role in the model of Tula virus-induced cell death. In Vero E6
cells the endogenous expression of JNK1 and JNK2 is relatively high (III: Fig.
2A, lower). Tula virus infection led to apparent phosphorylation of JNK1, and to
a much lesser extent also JNK2. The activated JNK1 in turn phosphorylated
one of its primary targets c-jun, which led to dramatically increase the
endogenous level of c-jun in Tula virus infected Vero E6 cells (III: Fig. 2B).
This can be explained by that phosphorylated JNK1 stabilizes c-jun after a
stress. In contrast, JNK2 destabilizes c-jun protein for degradation under the
non-stimulating conditions (Ronai, 2004; Sabapathy et al., 2004). Furthermore,
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the importance of activation of JNK pathway on induction of apoptosis was
confirmed by the observation of reduced PARP cleavage after adding JNK
inhibitor II (III: Fig. 2C). These results suggest that JNK pathway is important
for Tula virus-induced apoptosis in Vero E6 cells.
Increased protein and mRNA of Gadd153/chop
We (Li et al., 2004) and others (Kang et al., 1999) have shown that the Bcl-2
protein level is down-regulated during hantavirus infection. We wanted to know
the cellular mechanism that may explain the decreased production of Bcl-2
protein. It has been reported that growth arrest- and DNA damage-inducible
gene 153 or CAATT enhancer-binding protein, CEBP homologous protein
(gadd153/Chop) sensitizes cells to ER stress-mediated cell death by down-
regulating Bcl-2 mRNA (McCullough et al., 2001). So, we turned to evaluate
the role of gadd153/Chop in Tula virus-infected Vero E6 cells. Gadd153/chop
was indeed increased transcriptionally (III: Fig. 3B and C) and translationally
(III: Fig. 3A) following Tula virus infection in Vero E6 cells.
Effects of Tula virus infection on ER membrane protein BAP31
BAP31, a ubiquitously expressed integral ER-membrane protein, regulates
apoptosis through association with Bcl-2, Bcl-XL or pro-caspase-8. The NH2-
terminal membrane embedded fragment p20 is a cleavage product of BAP31
by activated caspase-8 in response to extrinsic apoptotic stimuli via death
receptor such as TNF-R1. Prolonged expression of p20 fragment alone is
enough to induce caspase activation and apoptosis through mitochondria-
mediated pathway (Ng et al., 1997; Ng & Shore, 1998; Breckenridge et al.,
2003). It is interesting to point out that in the kidney, BAP31 staining was
prominent in the proximal tubules while glomeruli were BAP31-negative
(Manley & Lennon, 2001). The clinical findings in HFRS and HPS patients
suggest that tubuli are the most affected region in the kidney. Here we sought
to evaluate the role of BAP31 in the Tula virus-infected Vero E6 cells. Both the
full-length and p20 fragment of BAP31 were downregulated and readily
detectable by mouse monoclonal antibody (8DIIE) and rabbit polyclonal
antibody throughout the time course of Tula virus infection (III: Figure 4). In
addition, a novel protein band migrating at about 10 kDa was recognized by
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the rabbit polyclonal antibody against BAP31. It is worthwhile to note that the
time course of appearance of this band correlated well with the activation of
caspase-8, as already shown in III: Figure 1. So, these results indicate that
the dramatic change of BAP31 protein may play a critical role in Tula virus-
induced apoptosis.
Induction of Grp78/BiP
We have suspected that hantavirus replication might initiate a sustained ER-
stress response that eventually triggers downstream apoptotic pathways.
Currently, at least three lines of evidence indicate that there may exist a
significant amount of misfolded Gn protein of hantavirus within infected cells.
Firstly, it has been noticed for a long time that the Gn protein of hantavirus
tends to aggregate into a high molecular weight complex which is prominent in
SDS-containing buffer (Ruusala et al., 1992; Vapalahti et al., 1996;
Spiropoulou et al., 2003). Secondly, mature Gn and Gc proteins surprisingly
remain in the high-mannose type of glycosylation and associate with the ER
chaperones calnexin and calreticulin, an implication of the failure in passing
quality control (Shi & Elliott, 2004). Since Gn is hardly found on the plasma
membrane, these findings suggest the possibility that a significant portion of
misfolded Gn protein is retained on the way from ER or ER-Golgi intermediate
to cis-Golgi (Shi et al., 2004). It has also been suggested that even the
misfolded protein can move to ER-Golgi intermediate and to cis-Golgi and
recycle back to ER in complex with Grp78/BiP (Hammond and Helenius,
1994). Therefore, it is tempting to speculate that the maturation of hantavirus
might be regulated by signals emanated from the ER lumen where unfolded or
unassembled viral glycoproteins are present. To test this hypothesis, we
sought for the evidence on ER stress by analyzing the Tula virus-infected Vero
E6 cell lysates that were collected at different time points. In III: Figure 5A, we
demonstrate that Tula hantavirus infection induced the production of
Grp78/BiP protein more specifically than other stress factors like Grp94,
protein disulfide bond isomerase (PDI), calreticulin or the cytosolic chaperone
HSP70. Grp78 /BiP started to increase on the third day and reached its peak
on the seventh day p.i. This correlated with the progressive viral replication
shown by immunoblot against the nucleocapsid protein of Tula virus (III:
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Figure 5A). Grp78/BiP is generally considered an ER-stress marker protein
that is regulated at the transcriptional level. As expected, Grp78/BiP mRNA
was elevated following infection shown by conventional RT-PCR (III: Figure
5B) and real-time PCR (III: Figure 5C). In addition, to rule out additional
factors other than virus replication itself for the sustained ER-chaperone
induction, we used UV-inactivated virus, as well as ribavirin and interferon-
alpha (IFN-α), efficient antiviral agents against hantaviruses in vitro and in vivo
(Severson et al., 2003). In the absence of viral replication with UV radiation,
we could not see the induction of Grp78/BiP (data not shown). Similarly,
decreasing viral replication by treatment of Vero E6 cells with either ribavirin or
IFN-α reduced the level of BiP/Grp78 (III: Figure 5D). Taken together, these
data suggest that progressive replication is required for Tula virus-induced ER
stress and that Tula virus-infection induces upregulation of Grp78/BiP in Vero
E6 cells.
In vitro and in vivo evidence of Puumala hantavirus-associated
apoptosis (IV)
Glycoprotein Gn causes apoptosis in Vero E6 cells
Hantavirus infection has been reported to induce apoptosis in Vero E6 cells
(Kang et al., 1999), but the mechanism has remained undefined. We therefore
tried to investigate the molecular mechanism behind this phenomenon. To this
end, we analyzed the cytotoxic effects of individual Puumala hantavirus gene
products Gn, Gc and N in Vero E6 cells (IV: Fig. 1A-D). Cytochrome c release
from mitochondria into the cytosol to activate caspase cascades is generally
regarded as the hallmark of apoptosis (Bossy-Wetzel & Green, 2000). So we
chose to monitor the functional state of mitochondria using cytochrome c
antibody and the nuclear morphology with Hoechst 33342 DNA staining. After
20 hours of transient transfection, we found that all Gn-expressing cells
(100%), independent of the presence of Gc, exhibited typical apoptotic
morphology characterized by condensed cytoplasm and nucleus (IV: Fig. 1A
and B). In contrast, nearly all Gc or N expressing cells remained normal (IV:
Fig. 1C and D). The extreme toxicity of Gn was also observed in breast
carcinoma MCF7 cells (data not shown). This is consistent with our previous
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experience that it has been impossible to express recombinant full-length Gn
in either Escherichia coli or insect cells. Furthermore, Gn-induced apoptosis
was not inhibited by the caspase-inhibitor z-VAD-fmk (40 µM), or by Hsp70,
which is known to prevent the formation of apopsome (a complex of
cytochrome c, Apaf-1 and caspase-9) (Budihardjo et al., 1999; Wang, 2001)
and thus block the activation of the ‘executioner’ effector-caspases-cascade.
Carboxyl-terminal half of the cytoplasmic tail (ct-c), not the external
domain, caused cytochrome c release from mitochondria into cytosol
We have previously observed that the carboxyl-terminal half of Gn cytoplasmic
tail (ct-c) was apoptotic to MCF7 cells while we were studying the interaction
between Gn and N protein in human cells (Koistinen et al., 2005, manuscript).
So we assumed that ct-c might be the functional domain in Gn to cause cell
death. To prove this and rule out the possibility that other parts of Gn may
have a similar function, we tested the cytotoxic effect of the external domain
(GnE) and cytoplasmic tail (Gn-ct) of G1 in MCF7 cells using transient
transfection (IV: Fig. 2A and B). We found that Gn-ct, but not GnE, caused cell
death as effectively as ct-c. The carboxyl-terminal half of Gn cytoplasmic tail
triggered cytochrome c release from mitochondria into the cytosol (IV: Fig.
2C). These results indicate that hantavirus glycoprotein Gn could use less than
half of its cytoplasmic domain to induce apoptosis probably through targeting
to mitochondria to cause cytochrome c release into the cytosol.
Cytosolic ct-c was gradually translocated to mitochondria through direct
interaction with mitochondria-located Bcl-2
Although it was clear that ct-c of Gn caused cytochrome c leakage from
mitochondria, we were still unsure whether the apoptotic signal was initiated by
Gn in mitochondria or somewhere else in the cells. We observed that there
were two main patterns of ct-c-expressing-cells 20 hours after transfection:
one was diffuse cytoplasmic (about 50%) and the other was granule-like dots
or fibers (about 50%) (data not shown). Extended transfection time (48 hours)
substantially increased the relative number of ct-c-expressing cells with the
latter pattern (about 70%). Using the mitochondrial marker Mito-TrackerTM and
isolation of mitochondria we could identify that a substantial amount of ct-c
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accumulated to mitochondria (IV: Fig. 3A-C). Since Bcl-2 family members play
a central role in the mitochondria-associated apoptotic signal pathway, we
asked if Bcl-2 could protect mitochondria from ct-c-induced cytochrome c
leakage. As expected, Bcl-2 protected cells from apoptosis (IV: Fig. 3D).
Furthermore, triple-labeled cells showed that over-expression of Bcl-2 changed
the distribution pattern of ct-c in HeLa cells and they were co-localized in the
mitochondria (IV: Fig. 3E). This led to the possibility that Gn may be directly
targeted to mitochondria through the interaction of its cytoplasmic tail with Bcl-
2.
Binding of ct-c to Bcl-2 in vitro
When co-transfected into HeLa cells, EGFP-ct-c and Bcl-2 showed perfect co-
localization (IV: Fig. 4A). To investigate whether Gn ct-c could directly interact
with Bcl-2 in vitro, we performed GST-ct-c pull-down assays. As expected, ct-c
bound strongly to in vitro translated S35-Bcl-2 (IV: Fig. 4D). Next we wanted to
see if full-length of Gn was able to interact with Bcl-2. Previously, recombinant
vaccinia virus has been used to express hantavirus glycoproteins Gn and Gc
successfully (Kamrud & Schmaljohn, 1994; Shi & Elliott, 2002). The complete
coding region of M segment was co-transfected with Bcl-2 into Vero E6 cells
infected with recombinant vaccinia virus. We found that Bcl-2 and Gn were
also perfectly colocalized (IV: Fig. 4E). Furthermore, we demonstrated that
Gn and Bcl-2 could form complexes following exogenous introduction of Bcl-2
into Puumala hantavirus infected Vero E6 cells (IV: Fig. 4F). However, we
could not detect any endogenous Gn-Bcl-2 complexes without Bcl-2
transfection. This may be because too little Bcl-2 remained after its down-
regulation (Kang et al., 1999) or due to the interference by the presence of the
abundant N protein in hantavirus-infected cells (Vapalahti et al., 1996).
Gn bound also to Bcl-XL, but not to pro-apoptotic Bax
Next we wanted to study whether Gn could bind to other Bcl-2 family members
than Bcl-2. It has been reported that Bcl-2 has a protective role in the kidney
and in mature lymphocytes (Veis et al., 1993). Another important anti-apoptotic
Bcl-2 family member Bcl-XL, which is structurally similar to Bcl-2, is required for
the survival of neuronal and erythroid cells (Motoyama et al., 1995) and is up-
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regulated in platelets (Sanz et al., 2001). Hantaan virus has been reported to
invade the central nervous system of experimentally infected adult laboratory
mice (Wichmann et al., 2002) and platelets are major targets in HFRS
(Kanerva et al., 1998). We observed that Bcl-XL was partially co-localized with
full-length Gn (IV: Fig. 5A), but failed to prevent the onset of apoptosis in
pcDNA3-M-myc transfected Vero E6 cells completely (data not shown). Next
we investigated whether Gn ct-c could interact with Bcl-XL in GST-pull-down
assay. As expected, it did (IV: Fig. 5B). We could also show that pre-
incubation with unlabeled in vitro-translated Bcl-2 blocked the access of Bcl-XL
to ct-c. However, pre-incubation of unlabeled in vitro-translated Bcl-XL was not
able to prevent the interaction between ct-c and Bcl-2 (IV: Fig. 5C). In
contrast, the Bcl-XL structural homologue, pro-apoptotic Bcl-2 member Bax,
did not bind to ct-c in vitro and not co-localize with full-length G1 in mammalian
cells (data not shown). These results indicated that Bcl-XL might have a role in
hantavirus-induced apoptosis, but it does not seem to be as important as Bcl-
2.
Identification of apoptosis in the kidney biopsies of NE
Even though it appears clearly that hantavirus infection is capable to cause cell
death in vitro, the association of apoptosis in the pathogenesis of HFRS
remain speculative. To look for the in vivo evidence of apoptosis we have
studied a number of kidney biopsies from NE and control (diagnosed kidney
diseases other than NE) patients using a specific antibody against cleaved
poly (ADP-ribose) polymerase (PARP). Immunohistochemistry shows that
PARP positive staining is seen in the kidney tubules in most NE patients (3 out
4), but less in the controls (1 out of 5) (IV: Fig. 6). Interestingly, the tubule
region has previously been found to contain viral antigens (Kim et al., 1993)
and pro-inflammatory cytokines in NE (Temonen et al., 1996).
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CONCLUDING REMARKS AND PERSPECTIVES
Over the past 20 years or more we have witnessed an expanding knowledge
on hantaviruses. In particular, new hantavirus species and their associated
rodent reservoirs have been identified at a rapid pace through the molecular
genetic and epidemiologies studies. However, we are still far away to
understand the pathogenesis of HFRS and HPS. Fortunately, in recent years,
as we could see from published papers on hantaviruses, it has been realized
that the basic virology aspect of hantaviruses, which has been long neglected,
may provide a new angle to look at the pathogenesis of these two diseases.
In this thesis, we started yeast-two hybrid screening with PUUV-N as a
bait protein. Daxx was fished out from Hela cDNA libray. The physical
interaction was confirmed by a number of methods. Secondly, we established
a model system in Vero E6 cells to study hantavirus-induced apoptosis in vitro.
In this study, Tula virus was used because it grows faster and causes rapid
cell death in our experimental system. With this model system we could then
discover that ER-stress signaling may be responsible for programmed cell
death following progressive hantavirus replication. Finally, we demonstrate that
the cytoplasmic tail of Puumala virus Gn interacts with Bcl-2, a key anti-
apoptotic molecule indicating a direct link between hantavirus and the central
apoptosis pathway.
In the future the biological significance of the interaction of N with cellular
partners remains to be uncovered. At the same time, studies on how
hantaviruses modulate host cell metabolism and signaling pathway may
provide important clues to understand the production of proinfammatory
cytokines, and therefore further promote development of potential pathway-
specific inhibitors that can be chosen to improve the clinical course of
hantavirus infection.
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